Previous Work
The 7.5-minute Nashua South quadrangle was formerly named the Tyngsborough quadrangle. Jahns mapped the New Hampshire part of the Tyngsborough quadrangle in 1951 and the Massachusetts part from 1939 to 1941. Jahns' unpublished manuscript maps of the quadrangle, showing geologic units, strike and dip of dominant foliation, and some outcrop locations, were obtained from the Richard Jahns Collection at the Branner Earth Sciences Library, Stanford University, Palo Alto, Calif. Jahns published a preliminary map (Jahns and others, 1959) covering the Massachusetts part of the Nashua South quadrangle. In 2006, Walsh checked and revised contacts and collected samples and structural data. In some places, outcrops visited by Jahns no longer exist due to subsequent development in the area over the last 60+ years.
Work in adjacent quadrangles includes 7.5-minute-scale mapping by Jahns and others (1959) , Alvord (1975) , Robinson (1978 Robinson ( , 1981 , Walsh and Clark (1999) , Kopera (2006) , and Kopera and others (2008) and 15-minute-scale mapping by Sriramadas (1966) . A number of topical studies have focused on the Chelmsford Granite, and these papers are discussed later in the text.
Age of the Rocks
The Berwick Formation is considered Late Silurian (Wenlockian to Ludlovian) on the basis of U-Pb sensitive high resolution ion microprobe (SHRIMP) ages of detrital zircons as young as approximately 425 Ma (mega-annum) and the age of crosscutting intrusions dated at 414±3 Ma and 418±2 Ma (Wintsch and others, 2007) . The intermediate to mafic rocks of the diorite-gabbro suite are correlated with the Exeter Diorite in New Hampshire, dated by conventional U-Pb zircon analysis at 406±1 Ma (Bothner and others, 1993) and with the Dracut Diorite, dated at approximately 408 Ma (Bothner, 1974 ). An Rb/Sr whole rock age of 473±1 Ma reported by Bothner and others (1984) and Gaudette and others (1984) is problematic because it is older than the maximum age of approximately 425 Ma for the Berwick Formation
Introduction
The bedrock of the Nashua South quadrangle consists primarily of Silurian metasedimentary rocks of the Berwick Formation. Regionally, the Berwick Formation is part of the Merrimack belt (Zen and others, 1983) or the Merrimack trough (Lyons and others, 1997) . Recent work by Hussey and others (2010) discusses the ongoing problems with the stratigraphic position of the Berwick Formation and now suggests a correlation with the Central Maine sequence. This area of the Merrimack trough is referred to as the Rockingham subbelt (Robinson and Goldsmith, 1991) or the Rockingham anticlinorium (Billings, 1956; . The Rockingham anticlinorium lies east of the Nashua trough, but the boundary between the two is not well-defined . The boundary may locally be a fault (Smith and Barosh, 1981) or occupied by the Hudson pluton (Walsh and Clark, 1999) . The Nashua South quadrangle is located approximately 1 kilometer (km) north and west of the ClintonNewbury fault and the rocks of the Nashoba zone. The metasedimentary rocks are intruded by a Late Silurian to Early Devonian diorite-gabbro suite, Devonian rocks of the Ayer Granodiorite, Devonian granitic rocks of the New Hampshire Plutonic Suite including pegmatite and the Chelmsford Granite, and Jurassic diabase dikes. All of the rocks except the Jurassic diabase dikes were deformed and metamorphosed during the Devonian Acadian orogeny. This work represents mapping by G.J. Walsh and R.H. Jahns and geochronology by J.N. Aleinikoff.
The purpose of this report is to present new data on the stratigraphic, structural, and geochronologic relations in the Merrimack belt. We present new geochronology results for the Ayer Granodiorite and Chelmsford Granite, which are scientifically significant because of problems associated with previously published ages of these rocks. The work was initiated in response to the study of a methane-yielding bedrock water well (location 2007-1399 on map) in the town of Tyngsborough, Mass. (Pierce and others, 2007) .
( Wintsch and others, 2007) . The intermediate to mafic rocks (map units DSdi and DSgn) have not been dated by modern methods, and the possibility exists that their ages may range into the Silurian; thus we consider them Late Silurian to Early Devonian. Wones and Goldsmith (1991) stated that the dioritic and gabbroic rocks intruded both the Berwick Formation and the Ayer Granodiorite, but the latter observation could not be confirmed here. The geochronology data suggest that the granodiorite phase of the Ayer Granodiorite and the ages of the Exeter and Dracut Diorites are approximately the same within uncertainty. The rocks of the Ayer Granodiorite are considered Early Devonian on the basis of a SHRIMP U-Pb zircon age of 407±4 Ma from the Devens-Long Pond facies (see geochronology section). The diorite-gabbro suite and the rocks of the Ayer Granodiorite are intruded by Devonian granitic rocks of the New Hampshire Plutonic Suite including pegmatite and the Late Devonian Chelmsford Granite. A SHRIMP U-Pb zircon age of 375±3 Ma from the Chelmsford Granite supports this age assignment (see geochronology section). The pegmatites occur as foliation-parallel sills and crosscutting tabular dikes. The youngest pegmatite dikes cut the Chelmsford Granite; their upper age limit is not known but is presumed to be Late Devonian or perhaps Permian. The age of the Jurassic diabase dikes is based on a correlation with the dated Medford diabase shown on the Massachusetts State map (Zen and others, 1983) , which yielded a K-Ar biotite age of 194±6 Ma (Zartman and Marvin, 1991; Wones and Goldsmith, 1991) . The dikes in this quadrangle are probably part of the regionally extensive Higganum-Holden-Onway dike that extends from southern Connecticut to Maine (McHone and Sundeen, 1995) .
Stratigraphy
The metasedimentary rocks of the Berwick Formation (Sb) consist of interbedded biotite-plagioclase-quartz granofels with minor amounts of schist and calc-silicate rocks ( fig. 1 ). The unit crops out widely in the northern two-thirds of the map and as thin belts, screens, or xenoliths in the Ayer and Chelmsford Granites in the south. Variability in the Berwick Formation is expressed by the percentage of laminated granofels and calc-silicate rocks. Locally, laminated varieties of the Sb unit are composed of closely spaced (millimeter to centimeter), white-weathering leucocratic quartz-plagioclase-calc-silicate layers alternating with gray, biotite-plagioclase-quartz granofels layers ( fig. 1A, B) . The laminations are subparallel to bedding and locally define the bedparallel S 1 schistosity or second-generation S 2 foliation. In places, the Berwick Formation is not distinctly laminated, and it consists of well-layered granofels and more massive sandy granofels interbedded with minor amounts of schist ( fig. 1B, E, F) . The massive sandy granofels is well exposed at Interchange 3 on U.S. Route 3 ( fig. 1E ). Calc-silicate rocks occur as thin layers, lenses, boudins, veins, or isolated pods of granofels or foliated gneiss throughout the Berwick Formation ( fig. 1C, D) . The distribution of calc-silicate rocks could not be mapped; their abundance typically varies from approximately 5 percent, or less, up to about 30 percent. This variability is in contrast to what Sriramadas (1966) reported; he found about 5 percent in the lower member and about 15 percent in the upper member of the Berwick Formation, and we could not use the distribution or abundance of calc-silicate rocks as mapping criteria. The Berwick Formation here is similar to the Berwick Formation in the adjacent Windham quadrangle to the northeast (Walsh and Clark, 1999) .
Polydeformed bedding consists of folded layering and boudins ( fig. 1F ). Sedimentary topping criteria such as graded bedding are rare ( fig. 1F) . No marker horizons were mapped in the Berwick Formation, thus making it difficult to determine the thickness and regional structure of the formation. Typical exposures of the Berwick Formation occur at roadcuts throughout the map area, especially along U.S. Route 3 and at a quarry on the western side of Bear Hill in the southwestern corner of the map.
A migmatitic version of the Berwick Formation (SbDc) occurs along the margin of the Chelmsford Granite. This zone of rock, as much as 1 km wide, consists of metasedimentary rocks with abundant injected foliation-parallel granite and pegmatite sills ( fig. 2A ). The unit consists of 50 to 75 percent granitic rock. Similar migmatitic rocks also occur where the Berwick Formation exhibits assimilation along the margins of xenoliths in granite and pegmatite, but these mixed zones are too small to map separately ( fig. 2B ).
Igneous Rocks
Four phases of intrusive igneous rocks are present in the area: (1) a diorite-gabbro suite, (2) rocks of the Ayer Granodiorite, (3) rocks of the New Hampshire Plutonic Suite, and (4) Jurassic diabase dikes. The first three phases are meta-igneous rocks senso stricto, but the prefix "meta" has been omitted for brevity.
Figure 1 (facing page). Photographs of the Berwick Formation.
A, Thin, tan and white laminations of quartz and plagioclase define the S 1 schistosity. S 1 is deformed by an F 2 fold, and the short-dashed line shows the S 2 axial planar foliation (station NS-009 in database). B, Well-layered granofels; here the layering defines the S 1 schistosity (station NS-038). C, Thin, folded calc-silicate laminations (CS) 
NS-166

Diorite-Gabbro Suite
Intermediate to mafic rock units include fine-to mediumgrained diorite-gabbro (DSdi) and medium-to coarse-grained diorite-gabbro (DSgn). These rocks are equigranular, weakly foliated metadiorites and metagabbros ( fig. 3A, B) , although the composition of the plagioclase appears to be less than An 50 in all cases. Considerable calcium exchange is evident in the coarse-grained rocks where plagioclase is saussuritized and titanite, epidote, and apatite are ubiquitous trace metamorphic minerals. Pyroxene was replaced by hornblende or fine-grained uralite, and minor amounts of serpentine in one sample  ) occur in the area, in addition to a number of smaller intrusions. The contacts with the adjacent units are not exposed. Outcrop-scale xenoliths of the Berwick Formation were observed in the pluton exposed along the eastern edge of the map in Pelham, and in the adjacent Pepperell quadrangle in the DSgn body west of Conant Road in Nashua. In several places the fine-grained unit (DSdi) is closely associated and interlayered with granodioritic rocks (Dadp and Dadg) of the Ayer Granodiorite, and some of these rocks may represent less-differentiated phases of the Ayer magma. Both the fine-and medium-to coarse-grained units are cut by two-mica granite and pegmatite dikes of the New Hampshire Plutonic Suite ( fig. 3C ).
The rocks of the diorite-gabbro suite are correlated with the Exeter Diorite and the Dracut Diorite (Lyons and others, 1997; Wones and Goldsmith, 1991; Zen and others, 1983) and a number of similar plutons in the Merrimack belt (Watts and others, 2000) . Regional chemistry of this suite suggests that the rocks developed as arc-related magmas (Watts and others, 2000) .
Ayer Granodiorite-Devens-Long Pond Facies
Mapped units of the Ayer Granodiorite include biotite granodiorite (Dadg), biotite granodiorite with microcline megacrysts (Dadp), and hornblende-biotite granite to tonalite (Dad) ( fig. 4A-D) . Granularity and the presence of hornblende are the two main criteria for separating the map units. The predominantly medium-grained equigranular rocks, Dadg and Dad, contain only trace amounts of deformed feldspar megacrysts found ubiquitously in the inequigranular Dadp. Detailed feldspar analyses suggest that the megacrysts are porphyroblasts consisting largely of microcline and minor plagioclase (Gore, 1976) . Biotite and small amounts of muscovite, but no hornblende, are present in Dadg and Dadp. Hornblende Rocks of the Ayer Granodiorite occur in three distinct belts. In the southwestern part of the map, all three units of Ayer Granodiorite are complexly interleaved with dioritegabbro suite rocks (DSdi and DSgn). This area marks the northeasternmost extent of the Ayer pluton, which extends to the southwest into the Ayer quadrangle (Kopera, 2006) . In the east-central part of the map, the Dadp and Dadg units are interleaved with the fine-grained diorite-gabbro unit (DSdi); this belt extends into the Lowell and Windham quadrangles (Jahns, 1942; Currier and Jahns, 1952; Jahns and others, 1959; Walsh and Clark, 1999) . In the southeastern corner of the map, only the hornblende-biotite granite to tonalite (Dad) unit is mapped. Poor exposure limited our ability to identify and map other units of the Ayer Granodiorite.
At many places, xenoliths and large screens of the Berwick Formation were observed in the units of the Ayer Granodiorite ( fig. 4C, D) . Where exposed, the contacts along the margins of the plutons are generally sharp and locally marked by thin zones (as much as a few meters thick) of migmatization. These zones are characterized by abundant leucocratic and pegmatitic material and injected sills of granodioritic rock. All three units in the Ayer Granodiorite are cut by two-mica granite and pegmatite dikes of the New Hampshire Plutonic Suite ( fig. 4B) .
Chemically, the dated sample of Ayer Granodiorite (NS-187, Dadp) is a granodiorite that plots on the metaluminous-peraluminous limit (table 3, In Massachusetts, this belt of rocks was mapped as the "Ayer Granite" by Zen and others (1983) after Emerson (1917) . In New Hampshire, the rocks were mapped as "Ayer Granodiorite" by Lyons and others (1997) after descriptions by Jahns (1942) and Currier and Jahns (1952) . Gore (1976) used the name "Devens-Long Pond Gneiss" for a phase of the "Ayer Crystalline Complex." Zen and others (1983) and Wones and Goldsmith (1991) revised the name defined by Gore (1976) to "Devens-Long Pond facies of the Ayer Granite." The type localities in the Ayer quadrangle include both inequigranular, porphyroblastic and equigranular varieties (Gore, 1976) . Our data show the rocks here are dominantly granodioritic in composition, so we apply the name "Ayer Granodiorite" as used on the New Hampshire map (Lyons and others, 1997) and described by Jahns (1942) and Currier and Jahns (1952) . In addition, we use the name "Devens-Long Pond facies" for the rocks of the Ayer Granodiorite because the rocks in the Nashua South quadrangle match the original description of Gore (1976) at the type locality. Furthermore, the belt of Devens-Long Pond facies of the Ayer Granodiorite northwest of the main belt of Chelmsford Granite is part of the Ayer pluton senso stricto and is contiguous along strike to the type locality approximately 10 km to the southwest (Gore, 1976; Kopera, 2006; Kopera and others, 2008) . Rocks of the "Clinton facies" of the Ayer Granodiorite mapped elsewhere contain large microcline megacrysts as much as 10 cm (centimeters) long (Gore, 1976; Zen and others, 1983; Wones and Goldsmith, 1991) ; rocks matching this description were not observed in the Nashua South quadrangle but occur in the adjacent Ayer and Westford quadrangles (Kopera, 2006; Kopera and others, 2008) .
New Hampshire Plutonic Suite
Rocks of the New Hampshire Plutonic Suite occur as plutons, dikes, and sills of two-mica granite and granitic pegmatite. Two phases of the Chelmsford Granite (Dcgr and Dcfgr) and a pegmatite phase (Dp) are recognized and mapped in this quadrangle.
Chelmsford Granite
Rocks of the Chelmsford Granite are muscovite-biotite granites (Dcgr and Dcfgr). The main Chelmsford pluton is medium-grained granite (Dcgr) (fig. 7) . The Dcgr granite locally exhibits internal compositional layering of lightgray and dark-gray granite that we interpret as flow banding ( fig. 7) . The flow banding is best viewed on quarry faces cut by a wire saw ( fig. 7A-C) . On the map we show the flow banding with a special strike and dip symbol only in the areas of the Fletcher and Le Masurier Quarries where it is distinct from the subsequent metamorphic foliation (S 2 ). Elsewhere on the map, the S 2 strike and dip symbol shows either the flow banding or the dominant metamorphic foliation, which is often indistinguishable away from the quarry faces. The banding in the rock led to earlier descriptions of the rock as gneiss (Dale, 1908 (Dale, , 1911 (Dale, , 1923 , and the term "granite gneiss" is still used in the commercial granite industry. The light-gray and dark-gray bands in the granite have almost the same mineralogy, but the dark-gray bands contain less quartz and more biotite. Analyzed samples show that the light-gray granite, a monzogranite, contains more quartz and plagioclase, but less K-feldspar, muscovite, and biotite than the dark-gray granite, a syenogranite (samples NS-188A and NS-188B, respectively, table 4). In places, the lighter colored monzogranite intrudes the darker colored syenogranite by lit-par-lit injection ( fig. 7B) , and in the Chelmsford pluton, the lighter colored monzogranite is volumetrically more abundant. Minor amounts of muscovite granite, with trace amounts of biotite and garnet, occurs in the area but could not be mapped separately.
The compositional banding in the Chelmsford Granite has been noted by previous workers (Currier, 1937 (Currier, , 1947 Jahns, 1942 Jahns, , 1948 Currier and Jahns, 1952; Martin, 1973) . Currier interpreted the banding as relict bedding from the host rock (Currier, 1937 (Currier, , 1947 Currier and Jahns, 1952) , and Currier used this observation as partial evidence for in situ static metasomatic replacement as a mechanism of "granitization" for granite formation. Jahns (1942 Jahns ( , 1948 disagreed, however, and interpreted the igneous rocks of both the Ayer and Chelmsford as injected magma. A detailed study of the Chelmsford Granite by Martin (1973) supports the magmatic origin for this rock. The composition of the darker colored Irvine and Baragar (1971) . B, Alumina saturation diagram after Shand (1951) and Maniar and Piccoli (1989) . C, Normative An-Ab-Or classification diagram of O'Connor (1965) and Barker (1979) . D, Rock-chondrite normalized rare-earth-element diagram after Sun and McDonough (1989) . E, Rb versus Y+Nb and F, Nb versus Y tectonic discrimination diagrams after Pearce and others (1984) . See text for discussion. An, anorthite; Ab, albite; Or, orthoclase. syenogranite supports Jahns' original interpretation and shows that it is an igneous rock that intrudes and contains xenoliths of the Berwick Formation. Furthermore, layer-parallel foliation (S 1 ) observed in xenoliths of the Berwick Formation is truncated along the contacts with the granite (fig. 7F ). The presence of abundant sills of the granite and granitic pegmatite along the margins of the Chelmsford pluton (unit SbDc), and throughout the Berwick Formation (for example, fig. 1D ), provides evidence for magma injection by fracture and dike propagation-currently the most accepted mechanism of granite emplacement (for example, Clemens, 1998) .
Modal compositions of the sampled rocks are shown in table 4. Samples of the Chelmsford Granite range in composition from syenogranite to monzogranite ( fig. 5 ). Fine-grained two-mica granite (Dcfgr) is a volumetrically minor rock that is included as part of the Chelmsford Granite because its composition is similar to the granite in the Chelmsford pluton. The Dcfgr unit crops out within the Ayer Granodiorite and within the Berwick Formation on the northwestern side of the Chelmsford pluton; however, the contacts with the adjacent rocks are not exposed. The two exposures might be part of a dike that could not be mapped due to limited exposure.
Xenoliths of the Berwick Formation occur in the Chelmsford Granite at many places (fig. 7F) ; xenoliths of the Ayer Granodiorite are less abundant. The xenoliths are more numerous in dikes and along the margins of the Chelmsford pluton. Where exposed, the contacts along the margins of the plutons are marked by zones (a few meters to 1 kilometer wide) of injection migmatites characterized by abundant quartz veins and leucocratic pegmatitic material, perhaps due, in part, to the relatively high water content in the granite. The migmatitic zone contains abundant injected dikes and sills ( fig. 2A ). Our map shows this mixed zone of rock (SbDc) around the large Chelmsford pluton. The transitional nature of the contact of the Chelmsford pluton with the country rock also has been reported elsewhere (Jahns, 1942; Currier, 1947; Currier and Jahns, 1952; Jahns and others, 1959; Martin, 1973; Gore, 1976; Kopera and others, 2008) .
Chemically, the dated sample of Chelmsford Granite (NS-188A, Dcgr) is mildly peraluminous (table 3, fig. 6B ). The sample has fairly steep light rare-earth-element abundances with normalized La values of approximately 100, relatively flat heavy rare-earth elements, and a prominent negative Eu anomaly (fig. 6D) . The Nb versus Y tectonic discrimination diagram ( fig. 6F) shows the rock as a syn-collisional granite, consistent with the chondrite-normalized rare-earth-element patterns. Flagel and Hon (1988) report that the Chelmsford Granite, as a whole, is peraluminous.
Pegmatite
Dikes and sills of pegmatite (Dp) occur throughout the map. Older sills are subparallel to the foliation and locally boudinaged, and a number of these are mapped separately in the central part of the map near Interchange 1 on U.S. Route 3. Younger tabular dikes crosscut all Paleozoic rocks. The tabular dikes, shown on the map with red strike and dip symbols, range from 2 cm to 4 m thick and show somewhat variable orientations with moderate to steep dips, but an overall east-northeast-striking (81°), steeply dipping trend ( fig. 8 ). This same trend was noted for the majority of pegmatite and aplite dikes in a detailed map of the Fletcher Quarry (R.H. Jahns, unpublished data, 1937) .
Jurassic Dikes
Two Jurassic diabase dikes (Jd) cross the map. The dikes strike north-northeast and range from several meters to approximately 20 m in thickness. Locally, the dikes represent en echelon parts of a dike set that is traceable for approximately 30 km from the Ayer quadrangle in the southwest (Zen and others, 1983) to the Windham quadrangle in the northeast (Walsh and Clark, 1999) . Regionally, the dikes are probably part of the Eastern North American dolerite province and represent the continuation of the Higganum-Holden-Onway dike, which may extend for 600 km from southern Connecticut to Maine (McHone and Sundeen, 1995) .
Geochronology
Methods
Rock samples (~10 kilograms each) of the Devens-Long
Pond facies of the Ayer Granodiorite and the Chelmsford Granite were collected for zircon U-Pb geochronology. Zircons were extracted by standard mineral separation procedures, including crushing, pulverizing, and concentrating heavy minerals by use of a Wilfley table, methylene iodide (density = 3.3 g/cm 3 ), and a magnetic separator. Individual zircons were hand picked using a binocular microscope, mounted in epoxy, ground to nearly half-thickness to expose internal zones, and polished using 6-micrometer (µm) and 1-µm diamond suspensions. All grains were imaged in transmitted and reflected light using a petrographic microscope and were imaged in cathodoluminescence (CL) ( fig. 9A , C) using a scanning electron microscope.
Uranium-lead geochronology of zircon was performed using the U.S. Geological Survey/Stanford University sensitive high resolution ion microprobe-reverse geometry (SHRIMP-RG), following the methods of Williams (1998) . The primary oxygen beam (4-6 nanoangstrom, nÅ) excavated a pit about 25 to 35 µm in diameter and about 1 µm in depth. The magnet cycled through the mass stations six times per analysis. Raw data were reduced by using Squid 1 (Ludwig, 2001 ) and were plotted by using Isoplot 3 (Ludwig, 2003) . Measured 206 Pb/ 238 U are referenced to zircon standard R33 (419±1 Ma; Black and others, 2004) . Concentrations of uranium are believed to be accurate to ±20 percent. Uranium-lead data are plotted on Tera-Wasserburg concordia plots ( fig. 9B, D 
Results
Ayer Granodiorite
Zircons from the Devens-Long Pond facies of the Ayer Granodiorite (sample NS-187) are medium dark brown, euhedral, and have length-to-width (l/w) ratios of about 3 to 5 ( fig. 9A ). Most grains are somewhat deformed, with pitted and bent crystal faces. In CL, the zircons show broad cores with fine, concentric oscillatory zoning, indicative of igneous origin, and thin, discontinuous, dark metamorphic rims ( fig. 9A ). Fourteen analyses of cores yield a coherent age population with a weighted average of 407±4 Ma ( fig. 9B) , interpreted as the time of crystallization of the Devens-Long Pond facies of the Ayer Granodiorite. Four of five analyses of dark rims have very high uranium contents (~1,700 to 3,000 parts per million, ppm) and 206 Pb/ 238 U ages that are scattered and too old (~402-460 Ma; table 5), probably due to instrumental bias (Williams and Hergt, 2000) . One relatively lowuranium (~350 ppm) rim yields a 206 Pb/ 238 U age of 378±4 Ma, which may be the time of formation of the metamorphic zircon overgrowths.
This new ~407 Ma age supersedes a conventional U-Pb zircon age of 433±5 Ma by Zartman and Naylor (1984) . The ~433 Ma age was inconsistent with the recently reported detrital zircon ages as young as ~425 Ma from the Berwick Formation (Wintsch and others, 2007) .
Chelmsford Granite
Zircons from the Chelmsford Granite (sample NS-188A) are light medium brown, euhedral, and have l/w ratios of 4 to 6. These grains are fairly pristine, with undeformed crystal faces and sharp terminations. The crystal morphology appears typical of igneous zircons produced in plutonic rocks, rather than zircons from metasomatic rocks (for example, Pointer and others, 1988; Hoskin and Schaltegger, 2003) . As can be seen by CL imagery, some grains are composed primarily of oscillatory-zoned cores with thin, discontinuous, dark overgrowths, whereas other grains have small, remnant oscillatoryzoned cores and large dark, unzoned overgrowths ( fig. 9C) .
Twelve of 13 analyses of cores yield a coherent age population with a weighted average of 375±3 Ma ( fig. 9D) , interpreted as the time of crystallization of the Chelmsford Granite. Eight analyses of rims have very high uranium contents (~3,400-9,800 ppm). The Pb ages yields an age of 377±15 Ma. Because of the large uncertainty in the age of the metamorphic overgrowths, we are unable to determine the difference in ages of the cores and rims. The radiogenic rims may partly explain why earlier conventional analyses of the Chelmsford Granite yielded a poorly constrained 207 Pb/ 206 Pb zircon age of 389±5 Ma (Zartman and Naylor, 1984) . Keevil and others (1944) Pb zircon age by Zartman and Naylor (1984) and obsolete Rb-Sr whole rock ages (Handford, 1965; Hayward, 1987) . Pb-correction method based on the model by Stacey and Kramers (1975) . Decay constants from Steiger and Jäger (1977) .
Structural Geology Ductile Structures
The relative ages of ductile structures in the Nashua South quadrangle are described in terms of (1) their relations to the dominant, or most visibly conspicuous, foliation at a given outcrop and (2) their interpreted age. In the accompanying geographic information system (GIS) database, the age of the dominant foliation or fold generation is assigned the relative age of "n." Older foliations or folds are assigned an age of "n-1," and younger foliations are assigned an age of "n+1." On the map and in the text, the interpreted age of the fabrics is assigned a number designation as follows:
• S 1 /F 1 = First generation-Layer-parallel foliation and folds
• S 2 /F 2 = Second generation-Schistosity to penetrative cleavage and folds
• S 3 /F 3 = Third generation-Spaced cleavage, open folds, shear bands, and boudinage
The relative age assignment is an objective approach to describing fabrics at a single outcrop. This method is necessary because it is not always possible to unequivocally determine all the age relations at every outcrop during mapping, because not all the fabrics are present at every outcrop. At least three generations of ductile deformation are recognized and designated by their relative ages as D 1 to D 3 .
The oldest deformation (D 1 ) is recognized by a layer-or bed-parallel schistosity (S 1 ) that occurs only in the Berwick Formation and contains rarely observed, locally refolded, isoclinal folds. Only in the hinge region of these folds is it possible to see bedding that is not parallel to a foliation ( fig. 10) . The layer-parallel schistosity is expressed by the parallel alignment of metamorphic minerals consisting mostly of biotite, quartz, plagioclase, and calc-silicate minerals ( fig. 10A ) and, locally, by leucocratic granitic and pegmatitic sills ( fig. 11A ). Where the Berwick Formation is well laminated, the laminations define S 1 (fig. 1A) . Locally, this foliation is the dominant fabric in the rock and is assigned a relative age of Sn ( fig. 10B ). Where the layer-parallel foliation is the dominant foliation, its average strike and dip is 34°, 79° (in right-hand rule, or N. 34° E., 79° SE in quadrant format) ( fig. 12A ). More commonly, however, the S 1 foliation is deformed and transposed by a younger foliation (S 2 ) ( fig. 11A ). Compositional banding in the Chelmsford Granite ( fig. 7D) is the oldest planar fabric in the granite, and it is interpreted as flow banding, not a deformational foliation. Although the banding predates younger F 2 folds, it postdates the S 1 foliation in the Berwick ( fig. 7F ) and is not correlated with it.
The second episode of deformation (D 2 ) produced a planar fabric that varies from a penetrative cleavage to a schistosity (S 2 ) in the Berwick Formation, a gneissosity in the Ayer Granodiorite, and a gneissosity in some of the plutonic rocks. The gneissosity is a well-developed foliation defined by aligned micas and recrystallized quartz and feldspar and, only locally, by compositional layering. Folds (F 2 ) associated with the second generation fabric deform S 1 and bedding in the Berwick Formation and flow banding in the Chelmsford Granite (figs. 11A and 7D, respectively). Currier and Jahns (1952, p. 114 ) mapped the banding and foliation (our S 2 ) in detail in the Fletcher Quarry in Westford, and our map shows representative symbols at the quarry. The F 2 folds vary from open to isoclinal with variable plunges (fig.  12C ). Plunge directions vary across the map from northeast in the east-northeast, to west-southwest in the northwest, and southeast in the southwest parts of the map. The S 2 foliation and, to a lesser degree, S 1 are the dominant planar fabrics in the Berwick Formation ( figs. 11A, B, 12A, B) . Locally, these two planar fabrics are parallel, and it is difficult to discern one from the other. In places where only a single penetrative schistosity was observed and no crosscutting relative age relations were seen, a dominant foliation symbol is shown on the map. The average strike and dip of the dominant foliation, represented either by S 2 or by a composite S 1 /S 2 , is 33°, 80° ( fig. 12B) .
The youngest ductile fabric in the area (D 3 ) is recognized as widely distributed, weakly developed spaced cleavage, folds, shear bands, or boudinage ( fig. 11B ). Rarely observed gently dipping ductile shear bands postdate the foliation and flow banding in the Chelmsford Granite. A strike and dip symbol shows the location of measured shear bands at Interchange 34 on U.S. Route 3. Shear bands were also observed on the high walls of the Fletcher Quarry, but their orientation could not be readily measured. Folds are open and have gently to moderately dipping axial surfaces and gently plunging fold axes ( fig. 12D) . Boudinage is readily recognized by pinch and swell structure of granite or pegmatite layers ( fig. 11A ). Where tabular pegmatite or granite dikes crosscut both the Berwick Formation and the more rigid intrusive rocks, the D 3 boudinage is better developed in the relatively weaker metasedimentary rocks ( fig. 11B ). This observation not only demonstrates the competency contrast between relatively weaker and stronger rocks but also indicates that D 3 outlasted the intrusion of some relatively late tabular granitic dikes. • Crossing fractures: Include joints and brittle faults that cross the metamorphic or igneous fabric of the rocks. Crossing fractures with displacement are brittle faults. Crossing fractures without displacement are joints.
The major fracture types are shown in figure 13 . The orientation of measured joints includes those with trace lengths greater than 20 cm (Barton and others, 1993) . Joints were measured subjectively using methods described in Spencer and Kozak (1976) and Walsh and Clark (2000) , and the dataset includes only the most conspicuous joints observed in a given outcrop. Fracture data ( fig. 14) are plotted on rose diagrams (azimuth-frequency) and stereonets (lower hemisphere equalarea projections) using DAISY software version 4.71.06 (Salvini, 2008) . The software creates rose diagrams using a
Brittle Structures
The planar brittle structures in this study are collectively called fractures. Fractures without displacement are separated on the basis of whether or not they are related to older fabrics in the metamorphic and igneous rocks as follows:
• Parting fractures: Occur where the rocks break, or part, along preexisting fabric (for example, Walsh, 2003) . Parting fractures are related to older igneous or metamorphic fabrics due to structural inheritance and occur along axial surfaces of folds, cleavage, schistosity or gneissosity, contacts, dikes, and veins. Manda and others (2008) call these "foliation-parallel fractures" or "FPFs," but they occur along more than just foliation. Gaussian curve-fitting routine for determining peaks in directional data (Salvini and others, 1999 ) that was first described by Wise and others (1985) . The rose diagrams include strike data for steeply dipping fractures (dip ≥60°, after Mabee and others, 1994) . Fracture data are summarized in figure 14 , and the original data are located in the GIS database. The principal fracture trend is north striking and steeply west dipping, with a trend of 359° ( fig. 14A, B) . Parting fractures ( fig. 14C ) are a subset of all the fractures ( fig. 14A ) and are dominated by the steeply southeast-dipping, northeast-striking trend of the dominant foliation (figs. 12A, 14B, C). The variability in parting fracture orientations is evident in figure 14C , but is masked in figure 14A , where the data are dominated by more abundant joints. Joints are a subset of all the fractures and show the prominent north-striking, steeply west-dipping trend ( fig. 14D-G) . Joint data, separated by generalized rock type, show that the igneous rocks have a preferred subhorizontal fracture orientation related to sheeting ( fig. 14F ). Sheeting fractures are present in the metasedimentary rocks of the Berwick Formation but to a lesser degree than in the igneous rocks ( fig. 14D, F) . Fracture and rock mechanic studies of the Chelmsford Granite show that the sheeting fractures occur parallel to microscopic cracks in quartz and feldspar and represent the "rift" direction, or easiest splitting direction. Foliation-parallel fractures related to aligned mica are parallel to the "grain" direction, or second easiest splitting direction (Skehan, 1967; LeMasurier, 1967; Johnson, 1970; Peng, 1970 Peng, , 1971 Peng and Johnson, 1972; Martin, 1973) . Steeply dipping, northwest-striking joints are parallel to the third fracture direction, or "hard way" (Skehan, 1967; LeMasurier, 1967; Martin, 1973) . Martin (1973) concluded that all three splitting directions in the Chelmsford Granite are related to muscovite and biotite cleavage planes, plagioclase twinning, and, to varying degrees, microcracks. Jahns ' (1943) classic work on sheeting included detailed studies of the Chelmsford Granite at the Fletcher and Oak Hill Quarries and determined the following major findings:
• Sheeting occurs parallel to the surface of the bedrock topography.
• Sheets become thicker with depth (in other words, spacing increases with depth).
• Sheet structure occurs independently of rock type or rock fabric.
• Sheeting is developed best in rocks with the least welldeveloped joints.
• Sheet fractures occur at depths at least as deep as the deepest quarries in New England (~97 m).
• In quarries, new sheeting fractures develop in response to compressive stress and the removal of overburden.
Both the metasedimentary and igneous rocks contain joints that show the north-striking, steeply dipping trend (figs. 13A, C, 14D-G). Martin (1973) called the north-trending joints the "diagonal joints" because they diagonally intersected the trend of the dominant foliation and flow banding in the Chelmsford Granite. Joints within the metasedimentary rocks show a subordinate east-west trend that is not apparent in the igneous rock joint data ( fig. 14D, E) but was observed at a few outcrops ( fig. 13C ). The principal north-striking fracture trend seen in the map area ( fig. 14B , E, G) was not reported from the Windham quadrangle to the northeast (Walsh and Clark, 1999, 2000) and, conversely, the principal northwest-striking, steeply dipping fracture trend there is not apparent in the data from the Nashua South quadrangle. Steeply dipping, northwest-striking joints do occur in the Nashua South quadrangle, however, and are particularly apparent in the Chelmsford Granite at the Le Masurier and Fletcher Quarries in the south-central part of the map (individual joint data are in the database but are not plotted with symbols on the map). Martin (1973) called the northwesttrending joints the "cross joints" and noted their relation to quartz veins and pegmatite dikes in the Chelmsford Granite. The change in principal trend from north to northwest between the two adjacent quadrangles suggests a fundamental change in principal fracture trends across the two areas, despite the fact that the dominant foliation has the same overall trend.
Locally, joint and fault surfaces are coated with secondary minerals including quartz, sulfides, and zeolites. The locations of these mineralized zones are recorded in the database of this report. The zeolites occur exclusively as fracture-filling mats of white, radiating, acicular crystals in the Berwick Formation. Walsh and Clark (1999) reported the composition of the zeolites as a mixture of heulandite, stilbite, and barrerite.
Twenty-seven outcrop-scale brittle faults were identified by slickensides or visible offsets ( fig. 15 ). Eight normal, six reverse, three left-lateral, and ten right-lateral faults were observed. Generally, the faults show preferred steeply dipping, north-northwest-striking (348°) and northwest-striking (309°) trends ( fig. 16A, B) . The north-northwest trend is similar to a principal joint trend in the area (347°, compare figs. 14B and 16A). The northwest trend (347°-348°) also occurs as a principal joint trend in the adjacent Windham quadrangle (Walsh and Clark, 1999, 2000) .
The faults are probably not coeval. A calculation of the mean P and T axes ( fig. 16A ) for all faults, and especially for the normal faults ( fig. 16C) , shows a calculated average stress field that is consistent with Late Triassic to Early Jurassic northwest-southeast extension associated with rifting of the New England crust during the initial opening of the Atlantic basin (Foland and Faul, 1977; McHone, 1978; Kaye, 1983; McHone and Butler, 1984; de Boer and Clifford, 1988; Manning and de Boer, 1989; . The northeaststriking Jurassic diabase dikes intruded at this time. The extension may have started during the late Paleozoic (Goldstein, 1994; Goldstein and Hepburn, 1999) . Calculated paleostress tensors for the reverse and strike-slip faults ( fig. 16D, E) show a shift to generally northeast-southwest compression. This change in the principal stress direction took place during younger phases of Mesozoic brittle deformation (McHone, 1978; McHone and Butler, 1984; Hardcastle, 1989; Manning and de Boer, 1989; de Boer, 1992) . It was likely that the principal north-south joint trend also developed during this shift in the stress field, perhaps during north-south compression in the Jurassic (Manning and de Boer, 1989) . The current stress field is east-west compression (Manning and de Boer, 1989) . In situ stress measurements and study of sheeting in the Chelmsford Granite confirm that the rocks are currently under compressive stress (Jahns, 1943; Hooker and Johnson, 1969; Jahns and Holzhausen, 1976) .
Glacial Features
Glacial striations and grooves were recorded during the course of mapping although they are not structures in the rocks. Their analysis is included here because it is often useful to understand the glacial trends when conducting fracture analysis in glaciated crystalline bedrock using remotely sensed data (Mabee and others, 1994 ). An average of nine measurements indicates a glacial trend of 167° ( fig. 17) . Coincident with this trend are a number of thick-till-cored drumlins with the long axis parallel to this orientation, especially Gilboa, Flushing, and Kendall Hills (Stone and Stone, 2007) . Figure 15 (facing page) . Map of brittle faults in the Nashua South quadrangle. In two places, the symbols represent more than one fault where five (x5) or two (x2) faults had the same orientation. C-E, Stereonets showing fault planes, slickenlines, and calculated mean P and T axes for normal faults, reverse faults, and strike-slip faults, respectively. σ 1 , shortening (P) axis; σ 3 , extension (T) axis; ×, slickenlines. "N" indicates north, and "n" is the number of points in the dataset.
Figure 17 (facing column).
Rose diagram of nine glacial striations in the Nashua South quadrangle. Single petal shows the average trend and 1-sigma error. "N" indicates north, and "n" shows the number of points in the dataset.
167°±8°( n=9)
N
Metamorphism
Paleozoic metamorphic grade within the Nashua South quadrangle reached the garnet zone. Biotite is widespread in the Berwick Formation and in the Paleozoic intrusive rocks, but garnet (probably almandine) is common only in the intrusive rocks. In the Berwick Formation, metamorphic index minerals include actinolite, epidote, clinozoisite, sphene, grossular garnet, and diopside. Grossular garnet and diopside occur in the calc-silicate rocks in the Berwick Formation. Only rarely does the Berwick Formation contain almandine garnet in the more pelitic layers. Hornblende occurs in the Dad unit of the Ayer Granodiorite and in the diorite-gabbro suite. The growth of peak metamorphic minerals, such as garnet, diopside, and hornblende, is largely syn-to post-D 2 fabrics. Rare L 2 mineral lineations of biotite and hornblende imply peak metamorphic conditions during the D 2 event. Metamorphic zircon rims, although highly radiogenic and difficult to analyze, suggest growth at ~377 Ma.
Late-D 2 or post-D 2 faulting and retrograde metamorphic fabrics truncate the peak metamorphic isograds in the western part of the Rockingham anticlinorium (Robinson, 1978 (Robinson, , 1981 Lyons and others, 1997) . The isograds also are truncated along the Clinton-Newbury fault (Zen and others, 1983; . We show two post-peak metamorphic faults along the western border of the Nashua South quadrangle on the basis of the extension of faults mapped by Robinson (1978) ; these faults are not exposed in the Nashua South quadrangle.
Regionally, the peak metamorphism is attributed to the Devonian Acadian orogeny (Zen and others, 1983; Lyons and others, 1997) . In the Merrimack trough, Attenouken and others (2004) report 40 Ar/ 39 Ar data that show peak metamorphism in the Devonian as part of the Acadian orogeny followed by overprinting in the Permian during the Alleghanian orogeny. The D 3 fabrics mapped in this quadrangle are probably a result of Alleghanian deformation.
Discussion
The metasedimentary rocks of the Berwick Formation form a homogeneous sequence of metapsammitic and metapelitic rocks that were deposited as limey sand and mud at ~425 Ma (Wintsch and others, 2007) . The Berwick Formation varies only slightly in composition and bedding characteristics. Due to limited sedimentary topping criteria, it is not possible to tell the orientation of the stratigraphy within the Berwick Formation as a whole. Sriramadas' (1966) original interpretation that the rocks formed the southeastern limb of a major syncline could not be validated during this study because the rocks are significantly folded twice, and topping criteria are limited. The stratigraphy in the Merrimack trough shown on the cross sections of the map by Lyons and others (1997) appears to be deformed by only a single generation of upright folds, yet our mapping shows at least two significant folding events. Robinson (1978) , Sundeen (1971) , Fargo and Bothner (1995) , and Walsh and Clark (1999) also note the presence of multiple deformation events, supporting the idea that the Berwick Formation has been multiply folded even though determining internal stratigraphy and finding topping criteria is difficult. The period of D 1 deformation recorded by the F 1 folds predates all intrusive igneous activity in the quadrangle. Our data for the Ayer Granodiorite suggest that the D 1 event occurred prior to ~407 Ma, probably during the earliest phase of the Acadian orogeny (for example, Bradley and others, 2000; Bradley and Tucker, 2002) .
The period of D 2 deformation appears to be largely post-407 Ma. All of the rocks of the Ayer Granodiorite intrude the Berwick Formation after D 1 but prior to or at the onset of D 2 . The Ayer Granodiorite generally contains a well-developed S 2 foliation, yet cuts the S 1 foliation in the Berwick Formation. Granitic rocks of the New Hampshire Plutonic Suite, including the Chelmsford Granite, trend subparallel to the D 2 fabric and are subsequently foliated by the D 2 schistosity. The Chelmsford Granite contains flow banding that is deformed by F 2 folds. These relations suggest that much of the New Hampshire Plutonic Suite is syntectonic with respect to D 2 . The syntectonic nature of these rocks was noted regionally by Page (1968) . Gore (1976, p. 120 ) also noted that the Chelmsford "…intruded into the axial regions of developing folds." The 375 Ma age of the Chelmsford Granite reported here, combined with a 381±2 Ma age from a foliated biotite granite dike in the New Milford quadrangle (Lyons and others, 1997; Walsh and Clark, 1999) , support the D 2 deformation and intrusion as Acadian in age. Metamorphic rims on zircons from the Ayer Granodiorite and Chelmsford Granite, although not well constrained, suggest that the thermal peak of metamorphism was attained at ~377 Ma.
40
Ar/
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Ar data support peak metamorphism in the Devonian as part of the Acadian orogeny followed by overprinting in the Permian during the Alleghanian orogeny (Attenoukon and others, 2004) .
Although tabular pegmatite and granite dikes crosscut the Ayer Granodiorite, Chelmsford Granite, and D 2 fabrics, they are generally deformed by D 3 cleavage, shear bands, and boudinage. It is possible that these relatively young dikes are Late Devonian to Permian in age, similar to other late-to posttectonic granitic rocks in the Milford area of southern New Hampshire (Aleinikoff and others, 1995; Lyons and others, 1997) . If these observations are accurate, it is possible that the D 3 fabrics may be attributable to the Alleghanian orogeny. In support of this interpretation, Armstrong and others (1999) reported Alleghanian aged migmatites (~275 Ma) in the Massabesic Gneiss Complex and suggested that migmatization occurred during D 3 deformation in the Pinardville, N.H., quadrangle.
